Protein adopts multitude of flexible and rapidly interconverting conformers, many which are governed by specific protein-interaction domains. ApoA1, a key player involved in high-density lipoprotein (HDL) regulation exists in structurally diverse forms with varying degree of cholesterol association, and each state is associated with different functional properties. While disc-shaped HDL and its oligomeric ApoA1 protein components have been the focus of several investigations, structural properties of monomeric ApoA1 are poorly understood. Here, we undertook large-scale structural analysis of ApoA1 in apo and cholesterol-bound forms using tens of independent simulations with total computing time exceeding 50 µs. Examination of multiple lipid-free trajectories of monomeric ApoA1 revealed a common conformation, with distinct spatial proximity between N-and C-terminal domains. With incorporation of physiologically known cholesterol concentration (≈100 cholesterol molecules) in ApoA1 simulations, the monomeric protein spontaneously formed an open circular topology. Remarkably, these drastic structural perturbations are driven by specific binding site at C-terminal and a novel cholesterol binding site at the N-terminal. We proposed a mechanism of stage-wise opening of ApoA1 and demonstrated that less cholesterol concentration around interaction sites or mutation within N-terminal binding sites does not lead to open bell-shaped topology. The kinetic barriers between openand closed-states also showed an ensemble of loosely packed helix bundle (H1-H7; H4-H7) that posed as a slow-intermediate step. Lastly we performed complementary experiments, including ITC and CD measurements to confirm that structural changes are induced by ligand association and not driven by random hydrophobic effect. Collectively, our study suggests a previously unknown mechanism of cholesterol sequestering by ApoA1 that could directly aid in developing modulators for cholesterol efflux with chronic cardiovascular diseases.
Introduction
The removal of cholesterol in humans is universally operated by reverse cholesterol pathway (RCT), that tightly controls lipid homeostasis via the transfer of cholesterol from peripheral cells to the liver. [1] [2] [3] A pivotal step in the formation of high-density lipoprotein (HDL) complex involves sequestering of cholesterol by apolipoproteins. Apolipoprotein A1 also commonly referred to as ApoA1, is the major protein constituent of HDL (≈ 70%). 4 Although a relatively small protein of 243 amino acids, ApoA1 exhibits remarkable structural variability with varying degrees of cholesterol association 5 ( Figure 1A) . These distinct structural states, range from lipidfree monomeric conformation in blood plasma cells, 6 to low-concentration cholesterol-bound monomeric conformation, 7, 8 and higher oligomeric forms involved in belt-shaped HDL supramolecular assemblies. [9] [10] [11] [12] Owing to the existence of this dynamic instability, attempts towards determining crystal structure of monomeric ApoA1 in lipid-free conditions have remained unsuccessful. However, experimentally determined oligomeric forms of ApoA1 are known. 13, 14 Thus, given the association of elevated cholesterol with chronic cardiovascular diseases, understanding the structural basis of ApoA1 functional diversity is a long-standing open question in the field.
Although direct crystallographic evidence is lacking for monomeric ApoA1 protein, there exist several reports highlighting aspects of ApoA1 structure and function. The ApoA1 structure, suggested by proteolysis and mutagenesis studies is divided into two structural domains i.e., N-and C-terminal that are highly conserved across species ( Figure 1B) . Interestingly, the C-terminal -helix is known to directly mediate lipid efflux and also known to solubilize the membrane phospholipids. Early EPR studies 15, 16 have also characterised the secondary structure segments of lipid-free ApoA1. A recent hydrogen exchange (HDX) study suggested the N-terminal containing stabilizing interactions in the amphipatic helical bundle and a disordered C-terminal. 17 Similar HDX study by Wu Z. et al. also presented a disordered C-terminal. 18 A putative close proximity of interaction between the N-and C-termini is also proposed. 19 Further the degree of total helical content of the protein in apo-and bound forms has been shown to vary using several biophysical approaches. 20, 21 Recently, a chimeric ApoA1 monomeric structure has also been proposed based on consensus approach. While these studies have characterised many aspects of monomeric structure, conclusive model and direct structural evidence on interconverting lipid-free and bound states is largely missing.
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N -t e r m i n a l N -t e r m i n a l C -t e r m i n a l Figure 1 : The Biology of ApoA1 and Protein Domain Architecture. A) Schematic diagram of reverse cholesterol pathway. The role of ApoA1 is highlighted in various stages. In the first step, ApoA1 exists in a monomer state with no association with cholesterol in blood plasma. The cholesterol is then transported via membrane receptor and, subsequently ApoA1 engages with cholesterol to form ApoA1-cholesterol associated monomeric state. Lastly, other proteins and phospholipids come together to form HDL. While the details of HDL are known, the aim of the present study is to reveal the structural details and dynamic rearrangement of ApoA1 during the first two steps, which is limited in literature. B) Sequence alignment between human ApoA1 and other species. The N-and C-terminal domains are denoted as bars at the top of the alignment.
In recent years, technological advancement has brought molecular dynamics (MD) simulations to µs-timescale. These developments have had a particular impact in biology, where experimental investigations of single molecule were prohibited by the fast-timescale dynamics, can now be studied. Previous computational reports have proposed a structure of lipid-free ApoA1 using iterative MD simulations. The model building was guided by each secondary structure information of the human ∆1-43 4-mer ApoA1 crystal structure 13 and other previously reported experimental data. 22 Given the distance-restraint on N-and C-terminal topology based on earlier experiment, the short 150 ns MD simulation explored limited conformational landscape. In a different study, a chimeric ApoA1 structure was prepared. The model was built by repositioning key residues by bending and stretching the backbone to align and fitting the hydrophobic cleft between N-and C-terminal. 23 The final model was subjected to a very high-temperature MD simulation (500K) for 30 ns. They further performed cross-linking reactions and liquid chromatography-electrospray ionization mass spectrometry (LC-ESI-MS) to support the proposed residue contacts. Due to limited computation time, complete ApoA1 structural transitions have not yet been captured.
Here we employed multi-µs timescale MD simulations in explicit solvent to study cholesterol-free and -bound ApoA1 monomer dynamics at atomic scale. The independent simulations allowed us to study ApoA1 dynamics with good statistical reliability and to further our understanding of molecular mechanism underlying its conformational transitions. All lipid-free ApoA1 trajectories converged to a common topology with juxtaposed N-and Cterminal domains, in accord with previous experimental findings. We also found the spontaneous formation of belt or open shaped ApoA1 topology upon cholesterol addition, as opposed to bundled or closed shaped topology in the lipid-free state. The analysis of trajectories also pinpoint molecular mechanism of structural opening and propose putative cholesterol binding sites. In particular, dynamic interaction of protein domain elements illustrated specific functional regions that act in concert to enable drastic conformational transitions between closed and open topology of the protein. Complementary experiments validated some of our findings, including ligand-induced structural changes and secondary structural content in varying degree of cholesterol concentrations. To our knowledge, this is the first time a robust monomer ApoA1 dynamics study has been conducted in silico with particular attention to dynamic conversion of configurations.
Results
Our study was aimed at investigating the structural properties of ApoA1 upon it's interaction with cholesterol. This is undoubtedly the most important step in biogenesis of high-density lipoprotein (HDL) formation. Our approach was twofold. We probed ApoA1 protein structural variations with and without cholesterol in all atomistic representation and, highlighted observed dynamic differences within protein domain elements that may be intricately coupled with its biological function.
Identification of lipid-free monomer ApoA1 structure reveals a closed topology.
To understand the functional significance of lipid-free ApoA1, we generated the ApoA1 starting structure using a hybrid modeling and simulation protocol (see Methods). Further, we performed multiple independent trajectories (5x7 µs), leading to determination of structure and dynamics with statistical reliability. The mapped structural dynamics at µs timescale is three order magnitude longer than previous reports. 16, 24 To fully describe the conformational changes, we utilised two parameters, namely radius of gyration (Rg) and angle calculation between N-and Cterminal domain (Figure 2A-B ). As a function of time, the Rg plummeted from approx. 2.7 nm to 2.1 nm within 5 µs, and remained stable for last 2 µs in all simulations. Remarkably, in each of five simulations, ApoA1 converged to a common closed topology. Figure 2C shows the representative images of protein dynamics evolution and, a direct observation of the final structure completely showed a closed conformation, with intact N-and C-terminal domains. The time progress also showed that C-terminal region (residues 194-200) undergoes complete rearrangement to be in contact with N-terminal region residues. In particular, residues 108, 112-113, 116, 171 and 175 of the N-terminal helix are in close proximity to the C-terminal. The details of secondary structure assignment is shown in Figure S2 . The predicted dynamic properties are in good agreement with previously reported site-directed electron paramagnetic resonance spectroscopy, where the probes localised at residues 163, 217, and 226 revealed close association and parallel topology between N-and C-terminal. 15 In accord, we used similar physical probes to validate our data ( Figure S3 ). The triad distance calculated from the probes showed concordance to our final conformation, indicating that ApoA1 monomer structure is in excellent agreement with previous experimental data. This structure thus enabled us to study its protein-cholesterol interaction with high reliability.
Spontaneous formation of ApoA1 open topology upon cholesterol binding and identification of preferential binding sites.
It is well characterized that ApoA1 exhibits protein regions that are likely to be essential for its physiological function. At the atomic level, however, our understanding is largely obscure due to fast-timescale conformational transitions that are experimentally difficult to characterize. Therefore, we assessed how cholesterol guides structural changes in monomeric ApoA1 protein. The evolution of dynamic structural changes with residue-based fluctuations are shown in Figure 3A . There are two major observations. First, cholesterol binds protein at two distinct sites that are subsequently merged in ≈ 400 ns, followed by opening up of ApoA1 structure to fully sequester the cholesterol. Second, the domain-wise protein mobility is highly variable. While the N-terminal is stable and well defined, the C-terminal region is highly mobile. At 1315 ns, the C-terminal twists and forms two short stretches of helix, before opening up and forming a circular or open topology. By the end of the simulation length, we found that all the residues interact with lipids, with the cholesterol in the center. These findings suggest that ApoA1 dynamically modulates its topology in the presence of cholesterol. To quantitatively assess the interaction, we plotted the time occurrence of the cholesterol interaction with ApoA1 ( Figure 3B ). During the initial simulation time (≈140 ns), cholesterol was found to specifically target two binding sites. The C-terminal is the main site of cholesterol targeting while the second major binding pocket is at the top of the N-terminal helix bundle ( Figure 3C ). These two sites referred from here as Site I and Site II, respectively thus defines cholesterol binding sites with high propensity. Figure 3D shows time evolution of these two major cholesterol binding sites. There is a concomitant lipid binding at both sites followed by cholesterol movement of N-terminal merging towards the core.
The results described above suggested that ApoA1 cholesterol association can be divided into following stages: a) Specific cholesterol binding at two sites, b) Redistribution with cholesterol merging from two sites, and c) Complete sequestering that involves N-terminal opening along with C-terminal plasticity ( Figure 3E ).
Mutations in N-terminal negatively affect ApoA1 opening.
Having identified probable mode of action for ApoA1, we next sought to validate the residues involved in the binding. Although the importance of Cterminal binding of cholesterol has been reported, 25, 26 the role of N-terminal binding has not been established. We postulated that N-terminal binding sites are critical to attain the belt-like conformation of lipidated ApoA1. Since, cholesterol is expected to bind to the hydrophobic regions of the protein, we assessed exposed contiguous hydrophobic surface area using QUILT (see Methods). 27 Figure 4A showed that proximity of two terminal domains in lipid-free ApoA1, result in a drastic increase of contiguous hydrophobic patch composed of 40 residues (1749.2Å 2 ) ( Figure S4 and Table T2 ). The juxtaposition of domains in lipid-free ApoA1 structure, in principle, is the key factor that leads to an increased exposed hydrophobic surface area, thus directly facilitating cholesterol recognition at two binding sites. To further prove the role of N-terminal binding, the hydrophobic residues at Site II were mutated to Alanine residues ( Figure 4B ). In mutant simulation, we observed significant changes compared to wildtype trajectory. Figure 4C shows that the cholesterol does not bind at the N-terminal site, thereby limiting the mobility of C-terminal and does not lead to N-terminal opening. This study provides further evidence that N-terminal binding is critical for selectively recognizing cholesterol.
ALA Mutation
We also explored the evolutionary importance of lipid binding sites. For this, we performed multiple sequence alignment with ApoA1 sequences from 37 species and found that the cholesterol binding sites (Site I and Site II) are highly conserved in ApoA1 across species. Figure S5 shows the conservation scores mapped onto the ApoA1 structure and we found from our simulation studies that several of these highly conserved residues are directly involved in the initial lipid interaction. This gives direct evolutionary evidence towards the conservation of these residues to maintain the biological function of the protein.
Inferring stable protein elements within N-terminal.
There is compelling evidence to suggest that N-terminal is critical for maintaining the stability of the protein in solution. 28 We reasoned that the binding specificity of cholesterol followed by N-terminal opening could be exploited to reveal quantitative aspects of stable protein elements. To assure maximum sampling available to the system, we leveraged above-mentioned simulation for selecting six conformations from various time points of the simulation. Each of these six conformations served as starting structure for further simulation (upto 250 ns each). Six replicates of each were simulated to obtain a sizeable pool of conformations ( Figure 5A ). We found that there is a clear distribution of population density in the contour map plotted as a function of two order parameters, namely, RMSD and Rg ( Figure 5B ). Three states (I,II and III) predominantly populate the conformational landscape ( Figure 5B ). To quantify the population distribution, we determined the properties of structural ensemble in each of the three states. Clearly, state I and III represent closed and open topology, respectively. Intriguingly, state II was found to be one of the major cluster and multiple interconversion of states, 1 ↔ 2, 2 ↔ 3 were observed in our simulations while 1 ↔ 3 is never observed ( Figure S6 ). During transition from state I to III, a common state II was observed in all instances. In addition, there were multiple fast-and slow-transitions between respective states: 41% (I → II), 40% (I ← II), 6% (II → III) and 11% (III ← II). However, we never observed I ↔ III transition, indicating that State II is an obligatory "intermediate state" in reaching the final open conformation.
Specific pair of helices showed that N-terminal is partially open in state II ( Figure 5C-D) . This was an interesting observation since it has been previously reported that the entire N-terminal stabilise the ApoA1 protein.
However, our study indicates that specific pairs of N-terminal helices (H1-H7 and H4-H7) are prone to opening up. On the other hand, helix H3 and H4 in the N-terminal were found to be tightly packed, indicating that these helices are the stable regions prior to complete opening of ApoA1 topology.
ApoA1 engages with cholesterol in a concentration-dependent manner.
In all the simulations mentioned above, we considered the binding of 99 cholesterol molecules to ApoA1 monomer, since experimentally it has been shown earlier that 190-200 cholesterol molecules bind to ApoA1 dimer. 29 Given the fact that the N-terminal binding of cholesterol is important in the subsequent opening up of the closed conformation of ApoA1, we checked if the opening up is stoichiometrically dependent. We systematically explored this by conducting additional molecular dynamic experiments with two concentrations of cholesterol, 50:1 and 75:1, in addition to 99:1 simulations described above (referred to as 50 cholesterol (50CHL), 75 cholesterol (75CHL) and 99 cholesterol (99CHL) henceforth). The time evolution of simulations using the three cholesterol concentrations are shown in Figure  6A . The representative snapshots showed clear distribution of cholesterol to our previously proposed binding sites, Site I and Site II in all simulations. A quantitative analysis of residue-wise binding of cholesterol with protein was calculated ( Figure S7 ). Figure 3C . B) The kinetics of cholesterol binding is shown to occur in three stages in a concentration-dependent manner, namely, binding, redistribution, and opening. The 99CHL, 75CHL and 50CHL simulations are represented in black, red and green colour, respectively.
Surprisingly, the preferential binding does not lead to the opening of ApoA1 structure in 50CHL and 75CHL trajectories. We then further assessed the mode of binding and associated structural changes. We found that binding at preferential site is followed by a redistribution phase ( Figure  6B) . A characteristic feature emerges where the cholesterol molecules merge from both sites within 1 µs, in all simulations. The protein structure partially opens up with homogeneous lipid binding, however, N-terminal helical bundle remains intact in lower concentrations.
We further evaluated the biological significance of tight N-terminal packing in the presence of lower concentration cholesterol simulations. As shown before, the C-terminal domain was highly mobile during lipid engulfing (Figure 3A) . The merging of the lipids is followed by active redistribution of the C-terminal residues, where it dynamically re-arranges to envelope the lipids with the residues displaying maximum fluctuation. This is accompanied by concomitant N-terminal opening of all helices, where the distance between parallel helix increases as shown in Figure 7A-B . While the C-terminal dynamics and preferential binding is similar in all instances, N-terminal helical bundle opening is highly dependent on the number of cholesterol molecules. A) The residue-based fluctuations of 50CHL, 75CHL, and 99CHL simulations to represent the protein mobility (red=high;white=medium;blue=low). The merging of the cholesterol is actively promoted by dynamical C-terminal residues (in red) in higher concentration simulation. B) The distance of residue pair (118-119; 75-33) were calculated to quantify the opening of helix bundle (inÅ). The side chain of the residues and the corresponding distance is also highlighted.
Experimental validation of monomeric ApoA1 bound to the cholesterol and subsequent structural changes.
To validate the above findings observed from simulations, we performed quantitative experiments to study Apo1-cholesterol ligand-induced binding changes. Purification of monomer lipid-free ApoA1 posses experimental challenges due to its inherent nature of aggregation in moderately high concentration. We purified and confirmed the monomeric full-length lipid-free ApoA1 by Matrix Assisted Laser Desorption/Ionization (MALDI), with absence of any dimeric or oligomeric species (see SI Figure S8C ). Dynamic light scattering (DLS) with 1mg/ml of the protein showed significant loss of monomeric species while there was an abundant amount of dimeric and other oligomeric species that formed upon concentrating the protein (see SI Figure S8D ). Therefore, we ensured that the protein is kept at substantially low concentration, to confirm the monomeric state of the protein (using MALDI), in all our experiments.
The isothermal titration (ITC) experiments were conducted by step-bystep injections of 1 mM cholesterol solution as shown in Figure 8A . Magnitude of the heat signals become close to the titration of cholesterol into buffer at 9th injection. The integrated enthalpic curves, shown in Figure 8B , contain observed enthalpy changes (∆H obs in kcal/mol of injectant) for each injection of 0.1 mM cholesterol into buffer. The dilution curve of cholesterol into buffer can be classified into two regions. In region I, the injectant containing concentrated cholesterol produced large exothermic heat effects due to the deaggregation process of the aggregated cholesterol. In this region, monomeric and aggregated cholesterol coexist. In region II, a portion of the aggregated cholesterol injected essentially gets diluted in the cell since the concentration of the injectant is higher than that in the cell. However, the integrated enthalpic curves of cholesterol titrating into ApoA1 follow different trend and two regions can be seen under this experimental condition.
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[c] With an increase in cholesterol, binding sites in protein are occupied by cholesterol and less cholesterol is bound in subsequent injections. Overall endothermic contribution to heat change was gradually decreased. In the second region, there are sites in protein available for binding, monomeric cholesterol is are under equilibrium with aggregated cholesterol continued to bind. The differential enthalpic values under each injection (∆H (Cholesterol−ApoA1) -(∆H (Cholesterol−buf f er) is the enthalpy change due to the monomeric cholesterol binding to ApoA1, which has been plotted as a function of cholesterol concentration in Figure 8C . As it is seen that enthalpy change for such interaction is endothermic in nature, the interaction is completely entropic driven.
These findings from ITC experiments suggest that ApoA1-cholesterol interaction is indeed cholesterol-concentration dependent and exhibits ligandinduced equilibrium shift between different conformational states.
Subsequent secondary structural changes. We then attempted to evaluate the changes in secondary structure of ApoA1 upon cholesterol addition and how secondary structure preferences of different segments of ApoA1 vary dynamically in lipid-free and cholesterol-associated simulations. In order to probe these differences, we computed the probability distribution for the secondary structural elements in both lipid-free and cholesterol associated simulations ( Figure 9A ). We found that the α-helical propensity of the N-terminal region (residues 3-40, 48-90, 95-112, 118-124, 130-178) is highly conserved in both lipid-free and lipidated simulations. Previous reports also suggest that the N-terminal of the ApoA1 protein is relatively stable. 30 In contrast, C-terminal region was found to be highly unstructured in lipid-free, with residues 183−186, 189, and 216−217 found to be mostly in loop conformations. In particular, in the presence of cholesterol, residues (182) (183) (184) (185) (186) (187) (188) (189) (190) (198) (199) dynamically interconvert between coil and helix. These findings largely agree with previous low resolution structural data where the C-terminal has been suggested to exist in a combination of helical and coil structure. 16 Lipid-free ApoA1 Lipidated ApoA1 Further, we also performed CD spectroscopy of lipid-free monomeric ApoA1 and, cholesterol bound ApoA1 in increasing concentration ( Figure  9B -C). The mean residue ellipticity drop at 208nm and 222nm, indicates increased alpha-helical region in the lipid-free monomeric state of ApoA1 compared to bound ApoA1. The delta change of mean residue ellipticity at 208nm further increases upon cholesterol interaction with increasing concentration of cholesterol, indicating an increase in the helical region of the protein with increase in the amount of cholesterol present in the reaction. The increase in helicity of monomeric ApoA1 is proportional to the ratio of cholesterol to the protein in the reaction upto 99 cholesterol molecules per molecule of monomeric protein ( Figure 9C ). With 125 molecules of cholesterol, we do not find further increase in helicity of the monomeric protein. This corroborates with our simulations where we observe increase in helicity upon concentration-dependent lipid addition (Lipid-free<50CHL<75CHL<99CHL). Our data thus indicates that one of the key factors driving lipid-free and lipid-associated ApoA1 structural transitions is increased C-terminal helicity.
Discussion
The Apolipoprotein ApoA1 governs numerous functional interactions during the complex assembly of high-density lipoprotein (HDL) particles, 5,31 but the initial mechanistic events leading to the formation and interconversion of diverse monomeric ApoA1 states have remained unknown. Four major configurations have been proposed in a recent review, 31 (i) Lipid-free monomeric ApoA1, (ii) Lipid-poor ApoA1 monomer, also known as pre-β HDL, (iii) Oligomeric ApoA1 in discoidal HDL (d-HDL); and (iv) Oligomeric ApoA1 in the final matured spherical HDL (s-HDL). Furthermore, there is evidence suggesting that the ApoA1 exhibits highly diverse conformations in all the above states.
In this work we focused on a particular aspect -initial steps of cholesterol uptake pathway i.e., the structure and dynamics of ApoA1 monomeric protein and its dependence on cholesterol. Previous studies have reported two crystal structures of ApoA1 in oliogomeric states, one with truncated Cteriminal as a dimer, 14 and an oligomeric assembly structure with tetrameric assembly. 13 Few solution structure of ApoA1 also exists, 32, 33 including recently reported discoidal high-density lipoprotein particles. 34 The inherent cholesterol association of ApoA1 induces technical challenges in ascertaining its monomeric structure. The ApoA1 structural model, proposed in this paper, is constructed from a truncated mouse NMR structure having a 68% sequence identity with ApoA1 human, with the helical bundle N-terminal conformation and the C-terminal modeled based on extensive loop modeling and further refinement by MD simulations. The starting structure was subjected to long time-scale five independent molecular dynamics trajectories, with an aggregate simulation time of 35 µs. Remarkably, all the five trajectories converge to a distinct closed structure, displaying a distinct N-and C-terminal proximity (Figure 2 ). This allowed us to examine the structural properties of ApoA1-lipid free structure with great statistical reliability.
Significant increase in surface exposed hydrophobicity was observed in the final ensemble, with C-terminal contributing towards the largest hydrophobic patch. These findings agree with previous observations that the phospholipids probably binds at the hydrophobic pocket formed by the hydrophobic C-terminal domain and the helical bundle N-terminal domain. 35, 36 While the lipid-free ApoA1 monomer simulated here showed helix-bundled topology, cholesterol-bound ApoA1 structures have been reported to exist as open belt-shaped topology, 10, 13, 37 providing clear evidence for distinctive structure-function relationship. We performed cholesterol bound ApoA1 MD simulations, where indeed the transition of ApoA1 structure occurs upon cholesterol binding. This is attributed to highly flexible C-terminal domain and preponderance of two cholesterol binding sites on the ApoA1 structure referred to as Site I and Site II (Figure 3 ). In accord, previous investigations found a strong association between conformational changes and functional binding sites. 38 Previous reports also suggest that the C-terminal α-helix has the ability to mediate lipid efflux 39 and solubilize membrane phospholipids. 40, 41 Interestingly, we found novel binding site at the N-terminal. The specific residues at this site, is highly correlated with the contiguous hydrophobic surface area. Mutation of these regions showed closed structure, suggesting that N-terminal binding site may have direct functional relevance (Figure 4) .
Thus, our detailed kinetic analysis of the cholesterol-dependent protein changes revealed spontaneous formation of closed to open structures. These dynamic differences in topology is finely modulated by molecular recognition events governed upon cholesterol binding. The question is how is this transition achieved and what are the stable protein elements during this large-scale conformational transition. In order to investigate this pathway, we initiated multiple trajectories from the seed structures obtained from the pilot 2 µs MD trajectory. The structural characteristics of the seed structures were drastically different, allowing us to sample large conformational space of cholesterol induced opening of ApoA1 structure ( Figure 5A ). This framework allowed us to obtain three populated states. Interestingly, state II was most populated with partial N-terminal opening. Further analysis suggested that specific pair of helices (H3-H4) contributed to N-terminal stability.
Earlier studies suggest that ApoA1 adopts different conformations depending on the extent of lipidation. 5, 42 Our results showed that systematically changing the number of cholesterol molecules in ApoA1 monomeric simulation leads to correlated changes in the protein structure ( Figure 6 and  7) . In particular, increasing the number of cholesterol leads to high mobility at the C-terminal domain leading to concomitant concentration-dependent opening of the N-terminal helices. Interestingly, the interaction of the cholesterol occurred at identical locations, demonstrating the inherent propensity of proposed Site I and Site II to target cholesterol. Residues such as 40, 59, 220−243 etc. have been experimentally found to have higher propensity for lipid binding. 16, 22, 24, 26, [43] [44] [45] Our simulations are in excellent match with all these previous results and show new regions of lipid-binding initiation in concentration gradient manner.
The biophysical experiments performed in this study addressed a pertinent issue in ApoA1 biology. Does cholesterol associate in specific or random hydrophobic-driven manner? To answer this, experiments of monomeric protein cholesterol association and concentration-dependent studies were performed ( Figure 8) . ITC experiments indeed confirmed that adsorption of cholesterol binding is dependent on availability of protein sites and the reaction is entropically driven. We also confirmed that there exists a differential secondary structural arrangement in the presence of cholesterol. In this study, we also established the location of α-helical segments in two monomeric ApoA1 states (Figure 9 ). Detailed comparison of lipid-free and lipidated simulations showed that N-terminal is highly helical, while C-terminal segments are a mix of helical and unstructured regions. A significant secondary structural changes bore a striking resemblance to previous experimental reports. 16, 17, [44] [45] [46] In particular, residues 14-19, 26-31, 55-64, 70-77, 83-85, 93-97, 102-115, 147-148, 158-178, 224-227. Region of residues 115-150 was found to sensitive to proteolysis and hence thought to be flexible and unstructured. 47, 48 We also observed several loops, which could impart flexibility to the region. In C-terminal, there is a sharp decrease in helical propensity from residues 181-192, 196-200, 212-221 while regions like residues 183-186, 189, 216-217, with high propensity of coil conformation. In particular, helical region residues 224-231, proposed to have the highest lipid-binding property matches very well with previous experimental findings. 16, 26, 44, 45 
Conclusion
Intense interest in cardiovascular diseases has spurred major interest in reverse cholesterol pathway (RCT). According to recent studies, novel markers have been proposed to capture the early signs of atherosclerosis. 49, 50 Studying ApoA1 structural characteristics is challenging, because ApoA1 is highly dynamic with cholesterol molecules. While a dual topological organisation upon cholesterol binding is reported, there are no reports on dynamic transition between lipid-free and lipid-associated states. Thus the goal of the work was to understand the underlying molecular mechanism of ApoA1 cholesterol induced structural alteration. The protein domains (N-and C-terminal) elements of ApoA1 are predominant regions that are highly conserved across various species. We show that the lipid-free exhibits compact shape, with Nand C-terminal juxtaposed in closed topology.
Using combined experimental and simulation approach we hereby showed that ApoA1 cholesterol association is specific and lipid concentration-dependent. We show that dynamics of protein domains is highly specific, indicating its link to distinct biological function. Interestingly, upon cholesterol addition ApoA1 monomer spontaneously forms open-topology that engulfs cholesterol in a belt shape. Using combined experimental and simulation approach we also showed that this phenomenon was found to be lipid concentrationdependent. We show that dynamics of protein domains is highly specific, indicating its link to distinct biological function. While, the role of C-terminal is already established in previous reports, 25, 26 our simulations reveal a novel binding site at the N-terminal. Mutation at this site abrogates ApoA1 opening. Furthermore, conformational map of structural transitions confirmed that specific helices in the N-terminal largely contribute to protein stability. Thus, deciphering the mechanisms of ApoA1 induced cholesterol recognition, a major component in RCT, will provide the means to significantly advance our understanding in maintaining cardiovascular health.
